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Effect of Hot Body Noise Sources on Arrays of
Deep Space Network Antennas

Marc Sanchez Net*

ABSTRACT. — This article provides a model to estimate the effect of hot body noise
on arrays of Deep Space Network (DSN) antennas using principles of communications
systems and microwave radiometry. It provides approximations to calculate the
increase in system noise temperature (or reduction in gain-to-noise-temperature ratio
[G/T]) when the array tracks a spacecraft close to a source of microwave radiation.
Through this analysis, we show that the array performance is not only driven by the
main lobe of the array’s radiation pattern but also by grating lobes characteristic of

arrays of widely separated elements.

Using this model, we provide a way to classify sources of hot body noise as extended
or compact and provide simplified expressions for the array performance in the case of
very extended and very compact sources. We provide several numerical examples,
including the noise temperature induced by Jupiter during a Juno flyby when the
spacecraft was tracked by an array of three DSN 34-m beam waveguide antennas

operating at X- and Ka-band.

I. Introduction

NASA’s Deep Space Network (DSN) operates 14 antennas across three sites in
Goldstone, California, Madrid, Spain, and Canberra, Australia. Each complex is
equipped with one 70-m antenna, four or five 34-m antennas, and a signal processing
center [1]. They are used routinely to track ~40 spacecraft and provide services such

as commanding, telemetry, and tracking.

To increase downlink performance, the signal processing electronics at each complex

include two correlators that can array multiple antennas [1]. Operational tracks in this
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arrayed configuration have been performed at S- and X-band for several years. More
recently, operation of the array at Ka-band has been suggested as a way to increase

data rates at outer planet distances.

This article summarizes research conducted at the Jet Propulsion Laboratory (JPL) to
quantify the effect of planetary noise on an array of DSN antennas at multiple
frequency bands, including Ka-band. It provides an analytical framework to derive
exact and approximated equations for quantifying the increase in system noise
temperature when the array is used to track a spacecraft flying close to a source of hot
body noise (e.g., a planet). The problem formulation follows the reasoning from
Reference [2] but uses the well-known concept of the array factor (e.g., Reference [3])
to estimate the equivalent noise temperature of the hot body source as seen by the
entire array. Compared to Reference [2], it also converts units and terms from
conventions used in astronomy to equivalent concepts used in the communications

literature.

This article is structured as follows: The rest of Section I discusses the system model
and outlines the assumptions used in the rest of the document. Section IT discusses
the operation of a single DSN antenna when tracking a spacecraft close to hot body
source and derives expressions for its signal-to-noise ratio (SNR) and G/T. Section III
extends the analysis to a possibly heterogeneous array of DSN antennas. Next, Section
IV provides simplified equations to classify noise sources as extended or compact, and
derives limiting expressions on array performance under both conditions. Finally,
Section V uses the equations derived in previous sections to estimate the performance
of an array of 34-m antennas tracking Juno during a flyby at both X- and Ka-band.

A. System Model

We consider a single spacecraft communicating with the DSN in the downlink
direction. The spacecraft is orbiting or flying by a solar system body (which is
assumed to be a planet for simplicity) that degrades the system performance because
it is a source of broadband hot body noise. Additionally, each antenna experiences
thermal noise due to Earth’s atmosphere, microwave electronics, and background

galactic radiation.

Figure 1 provides a graphical representation of the system under consideration and
depicts three DSN 34-m beam waveguide (BWG) antennas tracking a spacecraft
orbiting a planetary body.! The antennas are assumed to operate in array mode, and
are phased to maximize the SNR of the signal received from the spacecraft, while the
planet acts as a source of noise. The process by which this phasing occurs is not
discussed in this article; the reader is instead directed to previous publications such as

Reference [4]. Furthermore, we assume for the sake of simplicity that:

1For the sake of clarity, Figure 1 only shows three antennas. However, the formulation and analysis

presented in subsequent sections of this article assume a general array of N antennas.



e The hot body noise does not introduce large errors in the phasing process, which

would significantly distort the array factor.

e The effect of atmospheric losses is obviated. In general, they attenuate the
received signal, reducing the array SNR, but also attenuate the hot body noise

arriving from the planetary body.

Consequently, the expressions for array SNR and G/T provided in the article should

be interpreted as approximations for the achievable system performance.

Because of the large distances between transmitter and receiver, we assume that at
any given point in time the spacecraft can be modeled as a point source defined by its
position (6o, ¢o) in the local sky, expressed in spherical coordinates. Similarly, the
planetary body radiation arrives to the antennas from all directions within a solid
angle €2,, which depends on the diameter of the planetary body and its distance to
Earth. Both (6o, o) and 2, are assumed to be equal for all antennas in the array

because the baselines are orders of magnitude smaller than the planetary distance.
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Figure 1. DSN array with three 34-m BWG antennas.

Let T;(¢) denote the position of the i-th antenna in the array? and let ¥o(t) denote the
position of the spacecraft. The delay experienced by the wavefront traveling from the

2This position is associated with a reference point in the antenna, usually the intersection of the

azimuth and elevation axes.



spacecraft to the i-th antenna, assuming free space propagation and no atmospheric or
relativistic effects, is given by
Ti(tr,) — To(tr)|

Ti(tr,tR,) = p ) (1)

where c is the speed of light, ¢ is the time of the departure of the signal from the
spacecraft, and tp, is the time of arrival at the i-th antenna. This expression can be
simplified using the well-known far-field approximation [3], which is always valid at
planetary distances. In particular,
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where

e we have used the notation |a| = a;

e we have removed the time dependency everywhere except in the final line of the
derivation to ease notation;

e we have used the fact 1 +x~1+ 5 when 2 < 1;
e we have used the fact that :—8 < 1 to neglect all terms of second order or higher;
As noted later in this article, the performance of the array depends on the difference

in propagation delay between the signals arriving at each of the array elements. Using
Equation (2), this difference can be approximated as

[Fi(tr,) — Tj(tr,)] - Foltr)

Ti(tr,tr,) — 7i(tr,tR,) = —

~_ [Tltr) — FjitR)] “Fo(tr) (3)
_]:);ji -To(tr)

where the second approximation follows from ignoring the change in position due to
planetary motion between the time of arrival of the wavefront at the two antennas,
and ﬁji(t) =r;(t) —1i(t) = fﬁij(t) is defined as the baseline between the j-th and
i-th antenna, which is constant in time because we assume the antennas are fixed to
the ground.
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B. Assumptions

Given the geometry of Figure 1, we make the following assumptions:

(A1)

(A.3)

Without loss of generality, all calculations are performed on a topocentric
reference frame fixed on one of the antennas in the array (or a reference point
close to all of them). They are expressed in spherical coordinates using the
following convention: 6 is the zenith angle (also known as colatitude) and ¢ is
the azimuthal angle. The solid angle 2 = (6, ), expressed in steradian, defines
the field of view of an object in the sky as seen by the antennas and has

differential, in spherical coordinates,

dSY = sin 0dfdp. (4)

The spacecraft is assumed to operate close to a planetary body that emits
electromagnetic (EM) radiation at the frequency band of interest. For directive
antennas, “close to” is understood to mean approximately that the primary lobe
of the antenna intersects with the planetary disk. However, our formulation is

general and makes no use of this fact.

The spacecraft transmits a narrowband signal s(¢) that is assumed to (1) be
fully contained in a bandwidth B, (2) be wide-sense stationary, (3) have
constant power normalized to unity, and (4) be uncorrelated during a time
interval 7. Mathematically,

1 if t—t=0
Ry(t—t') = (s(t)s"(t')), = , , (5)
0 if otherwise,

where (-)., denotes the time-average over an integration interval of 7 seconds.

The spacecraft telecommunications subsystem is capable to producing P; watts

of radio frequency (RF) power at the desired frequency band. It also includes

an antenna with gain G; such that the power flux density, in %, at a distance
R and assuming free space propagation and no losses is
PGy
Sse = 5 (6)
4R

The spacecraft is assumed to be a point source located at (6y, o) in the sky, as

seen from the DSN stations. The electric field received by the DSN station, in
v

5 is modeled as
Esc(tv 07 90) =V Sscs(t)5(0 - 907 Y — 900)3 (7)

where §(-) denotes the Dirac-delta function. Note that Equation (7) neglects the

propagation delay because t, as defined in Assumption (A.2), is the instant of



(A.8)

time associated with the departure of the signal from the spacecraft. This is
acceptable because the system performance only depends on the relative delays

between the front ends of F,.(t) at each antenna in the array.

Losses due to non-ideal factors (e.g., implementation losses at the transmitter or
receiver, atmospheric losses) are neglected in the analysis. They are assumed to

affect the system equally whether operating using a single antenna or an array.

The planetary body emits broadband spatially and temporally uncorrelated
radiation according to the laws of microwave radiometry. In other words, the
electric field E,(t, 0, ¢) from the planetary body at a given frequency f at the

receiving antenna satisfies

I, (f,0,p) if t=1t and (0,¢) = (0',¢)

otherwise,

(Ep(t,0,0)E,(t',0',¢)) , = (8)

where I, (f,0, ¢) is the spectral brightness intensity of the planet, measured in
7o+ Lhis spectral brightness intensity is assumed to be constant and vary
slowly with frequency, and is estimated in accordance to Planck’s law.

The system is assumed to operate at Ka-band or below. Therefore, the
Rayleigh-Jeans approximation for the spectral brightness intensity is assumed to
be valid so that

2k
Ip (f7 97 SD) ~ FTb (05 QD) ) (9)
where k denotes the Boltzmann constant, Ty (6, ¢) is the brightness temperature
of the planet, which need not be constant over the entire body, and A is the
wavelength of operation. Note that I, (f,8, ) provides the flux of unpolarized

radiation per unit of solid angle and frequency.

Each DSN antenna in the array is modeled using its effective aperture A (6, ¢),
which is known to be related to the antenna gain by

)\2

G0,¢). (10)

Using this definition, the differential of power (in watts) intercepted by the
antenna from a (differential) source at coordinates (6, ) in the local sky, and

delivered to a matched load connected to the antenna, is equal to
AP, (0,0) = SscdA (0, 0) = SscAF (0, 0)dS, (11)

where A, = gGmw, Gonaz 1s the peak gain of the antenna, and F'(6, ¢) is the

normalized radiation pattern such that g}la))cF(f), ) = 1. This can be
P
equivalently expressed as

PG,y

dP,, (07 410) = T

G(6,p)dQ, (12)



2, . .
where L = ( @) is the well-known free space loss of the Friis transmission

equation (also known as link budget).

(A.10) All antennas are assumed to be perfectly pointed towards the spacecraft, which
is located at coordinates (6, ¢p). No pointing losses or pointing errors are
considered.

(A.11) All antennas are assumed to be equipped with microwave electronics with a
known and quantifiable equivalent noise temperature. They also “see” noise
from external sources, such as the Earth’s atmosphere or the galactic cosmic
radiation. All these sources of thermal noise (excluding the planetary body) are
lumped into a single parameter, the equivalent thermal noise temperature,
which is denoted by T;,. It generates additive white Gaussian noise (AWGN)

with power equal to kT, B watts, per polarization.

(A.12) The spacecraft, planet, and thermal noise are assumed to be independent and
uncorrelated sources of electric field.

Using the system model from Figure 1, as well as the Assumptions (A.1)—(A.12), we
now proceed to derive the system SNR and G/T when the spacecraft is tracked by a
single DSN antenna or an array of antennas. In each case, we first derive the power of
the signal received from the spacecraft and the thermal noise. Then we quantify the

additional noise power contribution from the planetary body.

Il. Analysis for a Single Antenna

A. Spacecraft Signal Power

The voltage (measured in volts) at the output of the DSN antenna is equal to

vaclt) = VA, // (0, 9) Buc(t, 0, )0, (13)

where Es.(t,0,¢) is defined in Equation (7). Consequently, the average power of the
spacecraft signal over an integration interval 7 is

Poe =(0sc(t)vi (1)),

=s..4. || [[VFE @) 5(0—00, 9—p0)5(0/ 0o, & —00) Y

QscQse
:SscAeF(907 900)

PG
=="G(0o, o),

where the last equality follows from Assumption (A.9).



B. Thermal Noise

Based on Assumption (A.11), the thermal noise power per polarization is simply equal

to

Py = (0 (t)05 (1)), = KT, B, (15)

n

where v,,(t) denotes the voltage measured at the output of the antenna due to thermal

noise.

C. Interference from the Planetary Body

The voltage at the output of the DSN antenna due to the planetary body and at

frequency f is equal to

VA
(1) = 2 Q// VEG, ) B, (1,0, 0)d2, (16)

where €, is the extent of the planetary body in the sky. The factor 1/ V2 is
introduced here because planetary radiation is unpolarized, but, for the purposes of
this discussion, the DSN antenna is assumed to receive only one polarization. In turn,

the average (polarized) power due to the planet is

By = [ vty 00
(n

B
—x [ [ | VOO 0.0, B (¢ ) i,
Q, Q

B P p

where the integration over the bandwidth of the spacecraft signal B is applied because

the spectral brightness of the planet I, (f,6,¢) is expressed per unit of frequency.

As stated in Assumption (A.7), the planet radiation is spatially and temporally

uncorrelated. Therefore,

r, =5 [ [[Fo.on 0.0 a0 (18)
B O,

If we further assume that the planet radiation varies slowly with frequency (see
Assumption (A.7)), then we can approximate the value of I, (f, 6, ¢) by that of the
spectral brightness at the carrier frequency and assume that it is constant over the
spacecraft’s signal bandwidth B. This results in

Ae
PP zTBﬂF(Ga@)IP(fC7H7@)an (19)
Qp

where f. is the carrier frequency. Next, we substitute the Rayleigh-Jeans

approximation for the planet spectral brightness and use the fact that G4 = %Ae



to obtain

kB
r, =2 [ .01 0.0) o (20)
Qp

an expression that can be further simplified if we consider the planet to have a

constant average brightness temperature T, across its solid angle €2,,. In that case,
kT, B
P, ~— 0, )dSQ.
R // G0, ) (21)
Qp

Finally, for a planet of small angular diameter compared to the primary beam of the
antenna, and assuming that the planet center is located at coordinates (6, p), we
find that

KT,B ,
T G(0p7<)0p)77¢pa (22)

kT, B
P oAb

) S Gl y) [ d

Qp

where 1), is the angular radius of the planet in radians (as opposed to €2, which is
measured in stereo radians). The second equality follows from the solid angle
approximation of a spherical cap on the unit sphere [5], which is only valid when 1, is
small compared to beamwidth of the DSN antenna. Finally, because planetary
distances are orders of magnitude larger than the planet diameter, we can use the

small-angle approximation so that

D,/2

tan i, ~ Py = v/ ) (23)

Ly
where D), is the mean diameter of the planet and L, is the distance between the
planet and Earth at analysis epoch. This results in
kT, B D,\?
P~ ——G(6 =2, 24
14 16 ( P> SOP) (Lp > ( )

In communications systems, it is common practice to characterize sources of noise
using their equivalent noise temperature. Let T}, denote the equivalent noise
temperature of the planetary body. By definition, the noise power per polarization
must be equal to P, = kT,,B. Comparing this expression with Equation (24) yields

T, D\’
T, ~ — — 2
p 16G(9P790P) (Lp> ) ( 5)

which matches the results reported in Reference [6]. In general, if the angular extent
of the planet is not small compared with the antenna beam, then using Equation (21)

we get

T,
T, ~ ﬁ//G(Q,@)dQ. (26)
Q



D. SNR and G/T

Using the results in this section, we conclude that the SNR at the output of a DSN

antenna (and under a matched load) is

PGy G(eoa 500)

N =
SNR=—7 k(T,+T,) B’

(27)

where T}, is the equivalent noise temperature of the planet and is given by

Tp//ﬂpcw,@n(w)dﬂ
;::f—; // G(0, 0)dQ) (28)
Qp

kT, B D,\?
S 60,0 (7))

with the approximations valid under the conditions defined in the previous section.
Finally, the equivalent G/T of the DSN antenna is defined as

G _ G(0o,p0)

— 20, %o) 29
T T,+T, (29)

Ill. Analysis for an Array of Antennas

We now consider the case of N DSN antennas operating in downlink array mode.® All
antennas are pointed toward the spacecraft, which, per Assumption (A.10), is located
at (0o, po). Additionally, they all receive planetary noise from a nearby body, located
in an angular extent ,. Note that while (6y, po) may be contained in €2, in general

this need not be the case.

A. Spacecraft Signal

Let 7; (0, ) denote the excess delay experienced by an EM front-wave arriving from
direction (6, ), measured from the center of the array, which we define arbitrarily
(thus 7; can be positive or negative). Then, the voltage measured at the output of the

i-th DSN antenna from the spacecraft transmission is

Vee(t) = VAe // VE(0,9)E (.0, )e 7202040, (30)

3To facilitate the discussion, we will assume that all antennas are homogeneous. Extensions to the case
of a heterogeneous array, such as a combination of DSN 34-m BWG antennas and DSN 70-m

antennas, is straightforward.



where the term e=72777:(0:%) ig the phase shift inherent to the i-th array element due
to its position relative to the array center;*

Egc(t’ 97 90) = Sscs(t - Ti(07 @))eijd)i(e’v)(;(a - 003 Y= QPO) (31)

is the far-field complex electric field radiated by the spacecraft, in volts per meter; and
0i(0o, po) is an unknown phase that models additional phase terms from factors such
as the atmosphere or the fact that the DSN performs full-spectrum combining using

intermediate frequency (IF) signals [7]. Therefore,

U;c(t) :\/SscAe / \/Fz(ea (p)S(t - Ti<97 L)0))6_3451.(074-/’)6(9 - 907 ¥ — SDO)dQ
Qse

=v/SscAF;(00, p0)s(t — 7i (0o, po))e 3¢ (00:20) (32)

=1/ 22 G;(00, p0)s(t — 7i(0o, po))e 7% (P0-20),

where

&i(0o,0) = ¢i(bo, @o) + 27 fei (6o, ©o) (33)

is the total phase misalignment for the i-th antenna and 7;(6p, ¢o) is the time

misalignment.

In arrayed operations, the output voltage of the array is calculated by coherently
summing a scaled, delayed, and phase-shifted version of the signals received via each
array element. In other words, in general we may write the voltage at the output of

the array correlator as
Vse(t) = Z aie? (4 ), (34)
Vi

where a; € R is a scaling constant, and ; and p; compensate the phase and time
misalignment, respectively. Thus,

Use(t) =1/ e Z VGi(00, 00)s(t — Ti(00, o) + 11:)ai (0o, po)e?Vie 3% (o:20)
Vi

(35)
:\/@Z Gi(0o, ¢0)s(t — 7i(0o, po) + pi)wi(bo, (po)e—ﬂwfcr,;(eg#,o)
Vi
where
w; (0o, po) = a;e3¥i=¢:(60,00)] (36)

is a complex phasor that weighs the voltage received via each antenna. Next, assume

that all antennas have similar radiation patterns and that the array correlator is able

4Some references use an alternative but equivalent notation such that this term is expressed as e 957,

where k = 27” is the wave number and r; is the distance from the array element position to the array

center.



to estimate the time delay for each element in the array accurately, i.e.,
Hi = 721‘(90, QD()) ~ Ti(eo, QD()) Then,

Vse(t) =/ LG G (09, 0)s(t) Z w;(Bo, o)e T2 eTi (00 20)
Vi

(37)
Gl o)A .0,
where
AF(0, ) = Z w;(fo, po)e 2T (0:¢) (38)

Vi

is known in the literature as the array factor. Similarly, the power at the output of the
array becomes

Psc :<v56(t)v:c(t)>7’
:PtTc;t<‘S(t)|2>T Z Z wiw; \/Gz(007 QOO)Gj (00’ wo)e*j%rfcnj(eoﬁpo)
Vi Vj

:PtLGt G(007 900) Z Z wiw;fe—ﬂﬂfcﬂj(%#?o)

Vi Vj
=2 (69, o) | AF (80, 0) [,

(39)

where the third equality is true because I have assumed identical array elements and
7;;(0, ) is defined as

Tij(ea 90) =T (97 90) —Tj (67 (P) . (40)

Thus, if we define the gain of the array as Gu.-(0, p) = G(0,¢)|AF(0, ¢)|?, then

Py = Pfft Garr(007 900)~ (41)

Key to the array operation is to select values of a;, 1;, and pu; such that the array
experiences maximal gain in the direction of the spacecraft. In the case of the DSN,

the correlator at each complex achieves this by performing the following steps:

e The time and phase misalignments of the signal from each antenna are
estimated. In other words, values for 7; (6, po) and éi(ﬂo, o) are constantly

generated during an array track.’

e The signal received by each antenna is first time-aligned by setting
wi = 7i(00, o) and delaying the signals from each antenna by the corresponding
amount.5

5In the actual DSN implementation, delay and Doppler post-compensation are applied. For the
purposes of the discussion, we may assume that those are incorporated into the estimates 7;(6o, ¢0)
and £;(60, po) generated by the correlator.

6Technically, a backwards time shift of p; seconds cannot be implemented. This is simply fixed by
delaying all signals by u; = A + 7;(6o, po) with A large enough so that all time shifts are positive.
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e The time-aligned signal is then multiplied by a normalized complex phasor e/¥:,
P = 51(00, ©0). This phasor phase-aligns the signal received by each element of
the array from the spacecraft direction (g, ¢g). In other words, it effectively

steers the main beam of the array toward the spacecraft.

e The time- and phase-aligned signals from each antenna are weighted by a real
value a;, which is calculated to maximize the SNR at the output of the array.
Under the assumption of a homogeneous array (same gain, same equivalent noise

temperature), these coefficients are all equal, so they can be normalized to unity
[2].7

e The weighted, time- and phase-aligned signals are summed coherently, in voltage.

Based on this process, we see that
AF (0o, p0) = Z w; (Ao, (po)e—j?”fcﬂ(@m%)

Vi
_ Z ej[wi*tﬁi(90,800)]e*j277fc7'i(90,v0)
Vi

— Z eIV ¢ il$i(00,00)+27 fe7i(60,0)]
Vi
— Z ej[éi(eo,%)*ﬁi(%,%)]

Vi
zleN,
Vi

where the fourth equality follows from assuming that the correlator produces phase

estimates 1/12 = 51(90, (po) ~ fi(eo, (po) Similarly,

(42)

Garr (00, 00) =|AF (80, ©0)[*G (60, p0) = N*G(60, ¢0). (43)

Combining these results we conclude that for homogeneous array elements

ve(t) =/ G 0o, o)1) (44

and

Psc w—‘PtLGt G(QOa ‘PO)NQ' (45)

Note that the array factor is only equal to N in the direction of the spacecraft (6p, o)

where the array has been phased up.

B. Thermal Noise

Each antenna in the array experiences uncorrelated thermal noise per Assumption
(A.11). Therefore, the total noise power per polarization at the output of the array

"See Reference [2], Appendix D for a derivation of these coefficients.



processor is

(46)

Po=> Pi=> kTiB=k|> T,
Vi Vi Vi

This indicates that the total noise temperature of the array is the sum of the

individual noise temperatures “seen” by each antenna. If all elements in the array are
homogeneous and they all operate under similar thermal noise conditions, this results

P, = k(NT,,)B. (47)

Consequently, if we ignore the contribution of the planetary body, the G/T of the

array becomes

G NG(0,¢) G
Tar  NT, N T, (48)

with %1 equal to the G/T of one element in the array. This is the well-known

theoretical gain of an array of DSN antennas operating in the downlink direction.

C. Interference from the Planetary Body

The voltage measured at the output of the i-th DSN antenna in the array because of

the planet contribution can be expressed as

vi(t) = f; // VIO, ) Ey (1,0, p)e39:(0) =2m (0 . (49)
QP

Note that in this expression the phase shift experienced by the planetary radiation
depends both on frequency f (as opposed to f., which is a constant) and direction of
arrival (0, ¢). At the output of the array processor, the voltage from all antennas is

summed coherently according to®

:Zaiejwivé(t)
_vA // [F(6,9)E, (1,6, ) Zaeg $i=9i(0,9)] =327/ 7:(0.9)

F//\/ 0)Ep(t,0,¢0) sz 0,p)e —92mfri(0,¢)

F//\/iE (t,0, 9) AF, (0, ).

8Because the planet is a source of uncorrelated noise, the effect of the time shift due to u; is irrelevant.

Therefore, it is obviated in this section to ease notation.
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with

f, .0) Zwl ©)e —52mfri(6,¢) (51)

AF,(f,0,¢) can be interpreted as the equivalent array factor experienced by the
planetary body, which depends on both frequency and the angle of arrival of the
planetary radiation.

The power contribution from the planetary body at the output of the array processor
is

Py = / O ()

7/////\/1? Fi(0', ¢ )2, AF,(f,0, 0)AF, (f,6',¢")dQd df

7//F / (1,0, 0)|AF,(f,0,0)[*df dQ)

7//F Ip(fe, "p)/|AFp(f,9,so)|2dfdQ,
B

where Z} = (E}(t,0,0)EX(t',0',¢')),, is calculated using Assumption (A.7) and the
narrowband approximation is used once again. Next, we expand the term containing

the array factor by noting that

/IAF (0, 0)Pdf = wi(o, @/eszwfm(e,w)df
Vi Vj B (53)

=3 wi(0, @)w (0, )M (0, )

Vi Vj
with
fe+B/2
Aij(0,) = / e 12 I3 (0.0) gf
fe—B/2
+B/2
_ / o—i2m(utf)Tis(0.0) gy
-B/2
+B/2
—e 27 feTij (0,9) e~ 12muTii (0,0) Qa,
—B/2

—e 927 fe7ii(9,%) Bine (BT (0,¢))

where sinc (z) = w and the antenna filter has been assumed to be rectangular

with bandwidth B, equal to the spacecraft’s signal bandwidth. Define

< A (0, s - .
Rig(0,0) =202)  prntins @D sine (1,6, 9)) (55)
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as the bandwidth-normalized delay beam and apply the Rayleigh-Jeans

approximation. Then,

kB
Py :EﬂTbb(97¢) Gi(0,0)G;(0, )| AF, (0, )|?dQ, (56)
QP

where, in an abuse of notation, we have defined

[AF, (60, 9))P =D > wil, »0)Ai(6, ), (57)
Vi Vj
which is slightly different from |AF,(f,6,)|? as defined by Equation (53). Further
straightforward simplifications are now possible for arrays of homogeneous antennas
and for planets with approximately constant average brightness temperature. In

particular:

JfTbB//G O)AF, (6, 0)[2d (58)

and

I
7,2 [ co.0)a5,0. )0 (59)

1. Narrowband Operation

We have shown that the equivalent array factor for the planetary body is

|AF,(0 =33 wil0, o)w; (0, 9)A; (0, 0) (60)

Vi Vj

where
Aij (9, (p) = e_jQchTij (Q’W)Sinc (BTZ‘j (9, (p)) . (61)

Furthermore, we know from Equation (3) that

:B'ZIA‘ 9,(,0 B‘iA N
ri(0,9) =i (0. ) ~ 7 (0,9) = 2 OO Biig g ) (62)

where B;; = T; — T; is the baseline between the i-th and j-th antenna. Hence,

By, _ Day
|Tij(9790)| < C] < ZT7 (63)

where D, is the array diameter, defined as the maximum across all baselines.

Assume the spacecraft transmits a signal with bandwidth B such that B D“T ~ 0.
Then, using Equation (63) we find that

sine (Bri; (6, 0)) ~ 1 (i, ) (64)



so that

Aij (0, ) m 772 (0:9) (65)
and
|AF, (0, 02 ~ Z Zwi(tg’ @ w (8, (p)eszwfcm(&w). (66)
Vi Vi

Additionally, we may assume that the phase ¢; experienced by the planet’s radiation
from a differential of area at coordinates (6, ) is approximately equal to that
experienced by the spacecraft signal.” In other words, (6, ¢) =~ ¢(6o, po) V(0,¢) € Q,
so that
|AF,(0,¢)] ~ Z Zwi(em wo)w; (o, po)e 2T (0:9) — |AF(6, )|, (67)
Vi Vj
Thus, we conclude that for an array of homogeneous antennas viewing a planetary

body with approximately constant brightness temperature in a narrow band,

kT, B
£y 2 [ G0 010, (63)
QP

where Gopr(0,0) = G (0,0) |AF (0, )|?. Similarly, the effective noise temperature of
the planet is

T;
T, ~ ﬁ // Garr (6, 0)dS2. (69)
QP

For a planet of small angular diameter compared to the main beam of the array, we
can use the same reasoning as in Equations (22)—(25) and approximate the noise

temperature by

T, D,\*
T, ~ — arr 0 ) =2
% 106G Oyon) (77 (70)
which, for an array of homogeneous antennas, is upper bounded by
T, D,\? .
T, < 2N2G(,,0,) ( =2) = NT,, (71)
16 L,

where Tp is the noise temperature “seen” when tracking the spacecraft with a single
antenna (see Equation (25)).

D. Array SNR and G/T

The SNR of an array of DSN antennas receiving a narrowband signal from a
spacecraft close to a planetary body can be estimated as
Psc _ Pth Garr(GOa 900)

N = =
SNR P,+P, L k(I,+T,B

(72)

9This is a reasonable assumptions because (1) the spacecraft is close to the hot body, so its radiation
goes through the same atmosphere as the spacecraft signal, approximately; and (2) the

downconversion process applies equally to the spacecraft signal and the hot body radiation.



where T), is calculated as in Equation (69). For non-narrowband operation, T, must be
adjusted to properly account for the beam delay using Equation (59). Similarly, the
G/T of the system can be calculated as

G Garr(eo, 900)

- =4V 73
Tarr Tp + Tn ( )

E. Numerical Example for an Array of 34-m BWG Antennas

We now provide a short numerical example to exemplify some of the equations derived
in this section. For simplicity, we assume narrowband operation so that the array

performance is characterized by G.-(6, ).

Consider the array of Figure 2 with three DSN 34-m BWG antennas (DSS-34, DSS-35,
and DSS-36) tracking the Juno spacecraft at X-band. Using trajectory information
from the DSN, we calculate the position of all elements at epoch 2023-03-01 2:31:00
UTC and estimate the gain of a single 34-m BWG antenna, the array factor, and the
gain of the resulting array. For the latter, phasing of the array is assumed ideal, and
all phases are calculated using DSS-35 as the designated array origin.

Figure 2. Satellite map of DSS-34, DSS-35 and DSS-36 in the Canberra Deep Space Communications
Complex. The array diameter is ~ 500 m, corresponding to array angular resolution of ~ 0.07 mrad.

Figure 3 plots the results of this analysis with azimuth and elevation expressed relative
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to the position of the spacecraft. It can be observed that the array factor contains
several “gain peaks” within the primary beam of a DSN 34-m BWG antenna, which is
centered at (0,0). The value of these peaks is close to the maximum gain of the array
(equal to 77.6 dB, 68.1 dB from a single antenna, plus 9.5 dB from the array factor);
thus, hot body noise radiation arriving from these directions will contribute
significantly to the array performance.
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Figure 3. Gain of the 3-element array in Figure 2 when tracking Juno at epoch 2023-03-01 2:31:00
UTC. Color scales for each plot are different.

As a second example, Figure 4 plots the gain of the array under the same configuration
when only two DSN 34-m BWG antennas are used (DSS-34 and DSS-35). In this case,
the grating lobes are wider, suggesting that the 2-element array will not only have less
gain compared to a 3-element array but also suffer from additional hot body noise

contribution when tracking a spacecraft close to a planetary body.
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Figure 4. Gain of the 2-element array formed by DSS-34 and DSS-35 when tracking Juno at epoch
2023-03-01 2:31:00 UTC. Color scales for each plot are different.

A key characteristic of an array of DSN antennas is that all elements are separated by
distances orders of magnitude larger than \./2. Consequently, the array factor has
high directivity, but it also exhibits a large number of grating lobes (also known as
fringes in the literature), which are defined as main beam lobes in directions other
than the array boresight direction [3]. These grating lobes can be clearly observed in
Figures 3b and 3c, and they cause peaks of directivity centered in directions other
than (0,0). Their effect on hot body noise is further analyzed in the following sections.



IV. Classification of Noise Sources

We now consider how a source of hot body noise contributes to system performance as
a function of the array configuration and the source’s angular extent €,. In particular,

we consider two cases:

1. Extended source: €2, is large compared to the main beam of the array. Noise
may be “picked up” via the main beam, and/or via one or multiple grating

lobes, which act as sources of correlated noise.

2. Compact source: £, is small compared to the main beam of the array. Noise
may be picked up via the main beam or via one of the grating lobes, depending

on the relative position of the planet and the spacecraft.

To formalize these cases, let us define a metric £ that measures the ratio of planetary

angular radius 1, to angular extent of the array main beam g.:

¥p

= r 74
wa'f"f‘ ( )
From Equation (23) we know that
R
wp X fﬁ7 (75)

where R, is the planet radius and L, is the distance to Earth at the epoch of analysis.
Similarly, it is known that the angular extent of the main beam of the array is
proportional to

Ac
D(I.T‘T’ ’

Yarr X (76)

where A, is the carrier wavelength and D, is the array diameter defined in Section
1I1.C.1 [3].1° Therefore,

Darr R
§ ch: (77)
and a source can be categorized as extended when & 2 1 or compact when £ < 1. This
result indicates that a body like Mars, for which L,, varies significantly over a synodic
period, may be both an extended or compact source depending on the time of the
year. Similarly, a source may be classified as extended or compact depending on the
specific DSN antennas used in the array, which varies its diameter. Hence, from
Equation (77) we conclude that a source is not inherently extended or compact; it can

be made extended or compact by changing the properties of the array.

Figure 5 plots the value of ¢ vs. distance to Earth for the main bodies of the solar

system and as a function of the frequency band of operation. The color of the marker

0Equation (76) approximately defines the maximum angular resolution of the array beam as
determined by the orientation of the largest separation between array elements.



21

107 T T T T 107 T

108 L Extended source ] 10°0 w Extended source
L =]
10° ] 10° L .
I,
101} oy g ] 10t} d'% S
1091 %ﬂ ] 108 L U Qg
—@— Moon a Ll —@— Moon
w 10>} |-@ Mercury 4 w 10°[| @ Mercury o
10t b —@— Venus m ] 10 L —@— Venus i
@ Mars @ Mars
100L © Jupiter |_ . _ e 22 10°E © Jupiter |o o o2 _ % _____
—@— Saturn %% —@— Saturn o,
10t @ Neptune 00 El 10k @ Neptune © 1
1020 @ Uranus il 020 @ Uranus
—@Pluto Compact source —@—Pluto Compact source °
103 - L L L [ o) ) 1073 L L L L
1073 102 10! 10° 10 10% 10°° 102 107! 10° 10! 10%
Distance to Earth [AU] Distance to Earth [AU]
(a) S-band (b) X-band
107
[

100 L Extended source

10° ¢ Sap, T
104 [ %DD L

10° ¢
—@— Moon
w  10% [ |—@—Mercury

—@— Venus
1
10° ¢ @ Mars % 3
100 k| O Jupiter | __ ___ _ 3 - _66- -

—@— Saturn
1071 E ©  Neptune
1021 @ Uranus ®
—@ Pluto Compact source
1073 L L L L
1073 1072 1071 10° 10! 10?

Distance to Earth [AU]

(c) Ka-band

Figure 5. Categorization of solar system bodies as extended or point sources. Circles and squares
indicate cases where intra-site and inter-site arraying is assumed, respectively. The dashed black line
indicates the transition region from a compact to an extended source.

indicates the body being considered, while the type of marker (circle vs. asterisk)
indicates the assumed array diameter. For intra-complex arraying (circles), it is
assumed that the array diameter is 1 km (see Appendix I), while inter-complex
arraying (asterisks) assumes 10,000 km. We observe that for intra-complex arraying,
which is currently performed by the DSN, only Neptune, Uranus, and Pluto can be
considered point sources. However, if the DSN performed inter-complex arraying, then

all bodies would be extended sources.

A. Extended Sources

We now consider the case of an extended source. The amount of hot body noise
received by the antenna depends on the position of the planetary body relative to the
position of the main beam of the array and the grating lobes, which vary over time as
the array tracks the spacecraft. For example, Figure 6 shows the angular extent of
Jupiter when tracked by an array of three DSN 34-m BWG antennas operating at
Ka-band and assuming that the spacecraft is right in front of the planet, as seen from
Earth (see block dot). In this case, contributions of hot body noise will come from the

main lobe centered around (0,0), as well as the six grating lobes around it.



22

85

80

e

0.01 AL TN
% [/ . ,"i" f‘f: "y
< S T ) b=y
jacs ‘ " 1',( . %
.E 0 75 Z
€3]

-0.01 0

65

-0.02 ' 4 r‘ !
i ‘M '
[ N
'! l' "" """, 'N N
-0.03 .
-0.03 -0.015 0 0.015 0.03

Azimuth [deg]

Figure 6. Gain of a 3-element array operating at Ka-band compared to the angular size of Jupiter (gray
circle) when the planet is at 5.7 astronomical units from Earth.

Because the location and shape of the grating lobes varies over time with the
spacecraft trajectory and the relative orientation of the array elements with respect to
the spacecraft, accurate estimation of the hot body noise contribution can only be
accomplished numerically, by simulating the time-evolution of the array gain while
propagating the spacecraft trajectory. An example of this approach is provided in

Section V for the case of a Juno flyby.

That said, it is interesting to consider the limiting case for the array gain that is
achievable for extremely extended sources (which, as noted earlier, may be caused by
selecting an arraying with extremely long baselines). To that end, let us define 5 as
the ratio of G/T between the array and a single antenna. For the case of an extended

source, this metric is equal to

N2G(80,%0)

NT,+T} o T +T,
ﬂextended = G(Tﬁpoz; = ]VT—-FTI’ (78)
To+T, " p

where N and T;, are defined as before, T}, is hot body noise temperature as seen by the
array, and T}, is the same quantity as seen by a single element of the array. For a hot
body with given angular extent, this source can be made increasingly extended by
further separating the array elements, which effectively reduces 14,. This causes the
main beam of the array to be more directive but also reduces the angular separation of
the grating lobes (and increases their directivity). Thus, the density of grating lobes
that fit within the planetary disk grows, ultimately filling it entirely and resulting in a
total received noise that is approximately N? times larger than the amount that would
be received by a single antenna. Mathematically, in the limit we expect TI’, - N 2Tp7
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which results in

1+

T,

Ti

ﬂextended ~N ,]1: . (79)
N + sz

In the limit, as N grows, the system performance tends to 5 ~ 1 + % because the
p

entire extended source is “seen” as generating correlated noise. Note, however, that
this effect can be mitigated by randomizing the position of the array elements in such
a way that grating lobes are severely attenuated. In that case, TI', will be significantly

smaller than N?7), and the array performance will continue to improve as N grows.

B. Compact Sources

We consider the case of a compact source and assume it can be well approximated as a
point source (i.e., £ < 1). In this case, the noise contribution will depend primarily on
whether the point source is located within the main beam of the array or within one of
the adjacent grating lobes. In either case, the net gain experienced by the hot body
noise radiation arriving from the compact source will be approximately nN, where 7 is
a reduction factor caused by the radiation pattern of each element in the array. For

grating lobes very close to the main beam, we may assume 7 = 1 so that

G NG(bo, ¥o) _ G(6o, ¢o) (30)
T arr Tn+NTp TW“_FTP ’

where T}, is equal to the hot body noise temperature “seen” by one antenna in the
array. Therefore, we see that the effect of independent thermal noise at each element
of the array is progressively reduced as IV increases, but the hot body acts as a single

source of perfectly correlated noise that drives the system performance. In fact,

fm & = Gl0,v0) (81)

P
which sets an upper bound on the array G/T. This contrasts with extended sources,
for which array performance can always be improved by adding more elements (as
long as these new elements do not increase the array diameter and change the type of

source, and their positions are properly randomized to minimize grating lobes).

Finally, we consider the improvement in G/T for an array with a compact source. In

this case, we obtain that in the limit of a point source

NG(0g,90) 1 Ty
3 . TutNT, _ + T, (82)
compact ™~ G(00,00) - N + Ty’
Tn+Tp Ty

which is the same result we obtained for an very extended source. This is because,
once again, the entire hot body is “seen” as a single source of correlated noise, albeit
in this case it is a point source located exactly at the peak of the array’s radiation
pattern. Also, similar very extended sources, Beompact is upper bounded by 1 + % as

N grows, but in this case this limiting value will be valid regardless of the relative
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position of the array elements. Thus, for cases in which the thermal noise is small
compared to the hot body noise (as may be the case for the DSN), the improvement
factor of the array when tracking a spacecraft close of a bright point source (i.e.,

T, > T,,) will simply be equal to 1 (i.e., no improvement).

V. Juno Flyby

This section provides a numerical example that demonstrates how the equations in this
article can be used to estimate the performance of an array of 34-m BWG antennas
when operating close to the a source of hot body noise. In particular, we consider
Juno as a test case and analyze the flyby executed by the mission at the beginning of
March 2023. Figure 7 plots the elevation of Juno as seen from DSS-35 as a function of

time. It also shows the path in the sky traced by Juno as it was flying by Jupiter.
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Figure 7. Juno trajectory as it flies by Jupiter in 5-second intervals.

Using this information we now compute the effect of Jupiter as a hot body source.
From Reference [6] we assume that the planet’s average brightness temperature is 152
K and compare the performance of an array of three 34-m BWG antennas (DSS-34,
DSS-35, and DSS-36), a single 34-m BWG antenna (DSS-35), and a DSN 70-m
antenna (DSS-43). We perform the calculations assuming operation at both X-band
and Ka-band, even though the DSN 70-m antenna currently does not support
Ka-band. Additionally, we assume that all antennas experience the same thermal
noise, 35 K at X-band and 80 K at Ka-band, and that the aperture efficiency is 75%
at X-band and 71% at Ka-band for the 34-m BWG antenna and 50% for the 70-m
antenna. Note that these are reasonable numbers given current DSN capabilities, but

better estimates could be obtained following the equations in Reference [8].

Estimation of the effective noise temperature for all cases is performed numerically by

propagating the spacecraft trajectory and integrating the gain of the antennas and



array over Jupiter’s blackbody disk. To ensure numerical stability and reduce
computational burden, integration is only performed over an angular extent equal to
5.5 times the half-power beamwidth of one 34-m BWG antenna. This is sufficient to
capture the main beam of the antenna as well as the secondary lobe, which is
attenuated by at least 17 dB. Thus hot body noise contributions from parts of the

radiation pattern that are omitted can be safely assumed to be negligible.
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Figure 8. Comparison of equivalent hot body noise temperature at X-band and Ka-band for Juno flyby.

Figure 8 provides the result of this analysis at both X- and Ka-band. It plots both the
effective noise temperature “seen” by each system and the resulting G/T of the

ground system (assuming no arraying losses). Several comments are noteworthy:

e The equivalent hot body noise temperature is one order of magnitude higher at
Ka-band compared to X-band. This happens because the beam of the antenna

(or array) is more directive, so Jupiter acts as a larger source of radiation.

e The G/T of the array at X-band is 1.3 dB lower than a DSN 70-m when hot
body noise is not a factor. However, the performance of the array is superior to
that of a 70-m antenna at Ka-band. This is driven by the assumption that a

70-m antenna has a 50% aperture efficiency at Ka-band.

e At X-band, the noise temperature “seen” by the array fluctuates by ~2 K. This
is due to the motion of the array grating in the local sky as the spacecraft is
being tracked. Similar phenomena occurs at Ka-band, but its magnitude is

dwarfed compared to the overall increase in noise temperature.

e Some curves (e.g., DSN 70-m at X-band) exhibit very fast fluctuations,
especially when T}, is maximum. They are artifacts from the numerical

integration process and thus should be discarded.

VI. Conclusions

This article provides an analytical model to quantify the effect of hot body noise on

arrays of DSN antennas. It is shown that under narrowband operation, the effect of
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the hot body can be simply accounted for as an effective noise temperature. Its value
can be calculated by integrating the radiation pattern of the array over the body’s
blackbody temperature spatial distribution. For wideband operation, a similar result
is derived with minor modifications that take into account the dependence of the

body’s radiation with frequency.

Using these results, we then define a metric to classify sources of hot body noise as
extended or compact by comparing the angular extent of the hot body with the main
beam of the array. In the case of extended sources, it is shown that significant
amounts of blackbody radiation can be received by the array even if the main beam
does not intersect with the planet. Indeed, because of the large spacing between DSN
antennas compared to the wavelengths of operation, arraying them produces large
grating lobes with small angular separation through which radiation is received.

Compact sources can be treated as point sources when their angular extent is very
small compared to the main beam of the array. Therefore, the hot body noise effect
will be significant only when the point source is located within the main beam, or
within one of the adjacent grating lobes. When that is the case, the hot body acts as a
source of perfectly correlated noise across all antennas in the array. As a result, the
performance of the array becomes limited by hot body noise and cannot be improved

even if the number of antennas increases.
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APPENDIX

Distance Between DSN Stations

Table 1. Euclidean distances in kilometers between DSN stations.
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